Background: It has been proposed that the development of obesity in humans is influenced by the relative proportions of the two major phyla of bacteria (Bacteroidetes and Firmicutes) present in the large intestine. Objective: To examine the relationships between body mass index, weight loss and the major bacterial groups detected in fecal samples. Design: Major groups of fecal bacteria were monitored using fluorescent in situ hybridization (FISH) in obese and non-obese subjects under conditions of weight maintenance, and in obese male volunteers undergoing weight loss on two different reduced carbohydrate weight-loss diets given successively for 4 weeks each. Results: We detected no difference between obese and non-obese individuals in the proportion of Bacteroidetes measured in fecal samples, and no significant change in the percentage of Bacteroidetes in feces from obese subjects on weight loss diets. Significant diet-dependent reductions in a group of butyrate-producing Firmicutes were, however, detected in fecal samples from obese subjects on weight loss diets. Conclusions: Diets designed to achieve weight loss in obese subjects can significantly alter the species composition of the gut microbiota, but we find no evidence that the proportions of Bacteroidetes and Firmicutes among fecal bacteria have a function in human obesity.
There has been much recent interest in the relationship between the types of bacteria that colonize the gut and the development of obesity. Many dietary components that are resistant to initial digestion in the small intestine are subsequently fermented by the microbial community of the large intestine, producing short-chain fatty acids that are absorbed across the colonic mucosa. These short-chain fatty acids have been estimated to provide 10% of total dietary energy supply in humans 1 and, in addition to increasing the amount of dietary energy available to the host, may also stimulate lipogenesis through the regulation of fastinginduced adipose factor. 2 On the other hand, the energy that is derived by the host from a dietary-resistant (or 'nondigestible') carbohydrate through microbial conversion to short-chain fatty acids is less than from the equivalent amount of sugar that is absorbed directly in the small intestine. 1 Non-digestible carbohydrates may also increase satiety. 3 Furthermore, changes in microbial metabolism and in gut microbiota composition that result from carbohydrate fermentation have several potentially beneficial consequences for the host. These include the supply of butyrate to the colonic mucosa and the stimulation of bifidobacteria. 4, 5 It has been reported, on the basis of evidence from 16S rRNA sequencing, that the proportions of the two major bacterial phyla found in the human fecal microbiota, the Firmicutes and the Bacteroidetes, differ between obese and lean humans, 6 with the suggestion that the colonic microbiota found in obese subjects is more efficient than that of lean subjects at recovering energy from resistant dietary components. 7 In support of this, transfer of the colonic microbiota from ob/ob mice to germ-free animals led to increased fat gain, equivalent to an extra 2% energy retention of the calories consumed, compared with transfer from control mice, 7 although there was also a nonsignificant difference in food intake. The ob/ob mice harbored a greater proportion of Firmicutes and less Bacteroidetes among their gut microbiota compared with lean mice. 7, 8 In obese human subjects undergoing weight loss over a 12-month period, the proportion of Bacteroidetes was reported to increase from approximately 2% of total fecal bacteria to 420%.
6
Relationship of percentage of Bacteroides in human fecal samples to body mass index
In recent studies with 18 obese human male volunteers, we used 16S rRNA-based quantitative fluorescent in situ hybridization (FISH) to study the composition of fecal microbiota. 9 These data have now been extended to include an additional 15 obese male subjects and 14 non-obese subjects. These studies received prior approval from the North of Scotland Research Ethics Service, and written informed consent was obtained from all subjects. Counts for a particular bacterial group were expressed relative to the total number of bacteria present in the feces, which was estimated using a broad probe (Eub338) that quantifies approximately 73% of bacteria detectable by direct staining using 4,6-diamido-2-phenylindole. 10 . To determine the numbers of Bacteroides, the Bac303 probe was used, as this detects the great majority of Gram-negative human gut bacteria that belong to this phylum. 11 The percentage of total fecal bacteria present as
Bacteroide did not differ between obese subjects on the M diet and non-obese controls (27.2 vs 21.9%, SED ¼ 2.96, P ¼ 0.084) ( Figure 1 ). These findings contrast with a previous report 6 
Changes in gut bacterial populations in volunteers on reduced carbohydrate weight-loss diets
A total of 23 obese subjects shown in Figure 1 also underwent weight loss regimes (energy intake o8.5 MJ day
À1
) for a period of 8 weeks, comprising 4 weeks on each of two diets, either high-protein low carbohydrate, ketogenic (LC) or high-protein moderate-carbohydrate, non-ketogenic (MC), offered in a balanced cross-over design. The composition of each meal in terms of energy, macronutrients and fiber content was calculated from food composition tables and was carefully controlled. 16, 17 The proportion of total fecal bacteria detected as Bacteroides (by the Bac303 probe) was not affected either by diet or by diet order, thus within subjects even substantial changes in the amount of carbohydrate offered had no impact ( Figure 2 17 decreased between the M, MC and LC diets, respectively. This was a response to diet composition, as demonstrated by the fact that the proportions of Roseburia þ E. rectale decreased with diet order MC to LC, but increased with diet order LC to MC (Figure 2 ; order effect P ¼ 0.02), whereas weight loss continued over time with either diet order ( Figure 2) . Roseburia þ E. rectale form a part of a larger group, Clostridium coccoides, that is detected with the Erec482 probe. Interestingly, as noted earlier, 9 other bacteria within the C. coccoides cluster tended to increase as the Roseburia þ E. rectale group declined (Figure 2 , Po0.03). These data show that short-term weight loss per se neither drives, nor is driven by, changes in these groups of bacteria. Rather, the changes in these bacterial populations are probably in response to diet, in particular the amount and type of carbohydrate present. Similarly, although weightstable obese and non-obese subjects had similar percentages of Bifidobacteria (3.87 vs 4.34, SED ¼ 1.36, P ¼ 0.73), a significant reduction was also detected for this group in obese subjects following the 4-week weight loss period on
Role of colonic microbiota in obesity SH Duncan et al Figure 1 Relationship between body mass index (BMI) and the percentage of Bacteroides among fecal bacteria. Bacteroides cells present in fecal samples were enumerated by fluorescent in situ hybridization (FISH) using the Bac303 probe, and expressed as a percentage of bacteria detected by the Eub338 probe. Methods for sample processing, FISH and enumeration, were described earlier. 9 Each data point represents a sample from a different volunteer. Obese or overweight males (triangles) provided a sample after 3-7 days on a controlled weight maintenance diet in which 55% of calories came from carbohydrates. 9 Also shown are non-obese female (squares) and male (diamonds) volunteers, consuming their habitual western style diets. The majority of the volunteers lived in the vicinity of Aberdeen, UK. Best fit linear regression is:
Figure 2 Impact of diets of different carbohydrate (CHO) and NSP content on the proportion of bacteria in feces. Obese male volunteers (23) were offered a maintenance diet for 3 days (M; 399 g CHO and 24 g NSP per day) and then 4 weeks on two weight loss diets containing either moderate CHO (MC; 164 g CHO and 12.2 g NSP per day) or low CHO (LC; 24 g CHO and 6 g NSP per day), offered in a randomized sequence (11 subjects M-LC-MC, 12 subjects M-MC-LC). 9 Diets: M (filled bars), MC (hatched bars) and LC (open bars). Bacterial populations, estimated by FISH microscopy on stool samples collected at the end of each period, and expressed as percentages of the total Eub338 count are shown for: Bacteroides (detected with the Bac303 probe); Roseburia þ Eubacterium rectale ('Rrec', detected with the Rrec584 probe); and other Clostridium coccoides-related bacteria ('Erec-Rrec', calculated from the difference between the counts obtained with the Erec482 and Rrec584 probes). Error bars reflect the standard error of the mean based on between subject variations. Overall mean values at the start of the study were 26.79% Bacteroides, 11.49% Rrec and 12.52% Erec-Rrec, and the mean initial body weight was 113.76 kg.
Role of colonic microbiota in obesity SH Duncan et al both the LC and MC diet (1.87 and 2.09%, SED ¼ 0.88, Po0.037 vs M). 9 This is also likely to be a response to the supply of fermentable carbohydrate. The major differences between our findings and those of Ley et al., 6 particularly with respect to the Bacteroidetes, might relate to diet, the cohort of volunteers, methods of sample preparation and storage or the methods of detection used. The latter possibility was tested with fresh feces taken from six of the obese subjects used in Figure 1 . One portion was prepared for FISH enumeration, whereas another, following homogenization, was used for DNA extraction followed by real-time PCR. Primers used to selectively amplify Bacteroides 16S rRNA genes were Bac303F 
Conclusions
In conclusion, the data reported here show that the FISH technique is capable of detecting diet-related changes for particular bacterial groups, and the magnitude of response reported for Bacteroidetes during weight loss in other studies 6 should have been easily detected in the current experiments. Nevertheless, we could find no relationship in humans between BMI or absolute weight loss and the relative populations of the major groups of human colonic bacteria, including the Bacteroidetes, in stool samples from both obese and non-obese subjects. Our findings therefore do not support the hypothesis 6, 7 that the proportions of Bacteroidetes and Firmicutes, at least at the phylum level, have a major function in determining human obesity. We do not rule out the possibility that more detailed analysis of the community will reveal changes in species composition between obese and lean subjects, which might result from differences either in eating habits or host physiology. The extent of inter-individual differences at the level of bacterial species 14, 15 and of inter-sample variation 12 makes such analyses challenging. Nevertheless, we were able to confirm our earlier observations 9 that reduced carbohydrate weightloss diets result in a reduction in the proportions of at least one group of Gram-positive bacteria that is responsible for butyrate production, together with bifidobacteria. The consequences of these diet-dependent changes on the gut microbiota will undoubtedly have impacts on aspects of both colonic health and function, as well as affecting host metabolism, thus warranting further investigation.
